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ABSTRACT. T h e  re la t ionship was found between gas d e n s i t y  :n  
supersonic raref ied flow and negative luminescence i n  a glow- 
discharge. Some resu l t s  a r e  given o f  d e n s i t y  measurement i n  
a f r e e  stream and i n  a model. It is shown tha t  density 
measurement of negative luminescence of a glow-discha ge is 
e f f ec t ive  i n  s t a t i c  pressure range of 5.10'2 t o  5.10-b mm of 
me rcu ry . 

Thanks t o  the  s impl ic i ty  o f  t he  apparatus used, glow-discharge rad ia t ion  - /1@6* 

is  a widely used method f o r  observing r a re f i ed  streams i n  low-density wind 

tunnels ( fo r  example, see [1,2]). However, because of the  complexity of pro- 

cesses leading t o  the  development of luminescence, t he  r a t i o  between in t ens i ty  

of luminescence and gas density has not been establ ished.  

method allows only a course estimate of  densi ty  d i s t r ibu t ion .  

Therefore, t h i s  

In  [3] i s  a descr ipt ion of v i sua l  representat ion of a stream using the  
negative luminescence of a glow-discharge, i n  which a supersonic j e t  i s  used 

as the  cathode element. I t  was found that luminescence is  generated by 

electrons with an energy corresponding t o  the  drop i n  cathode po ten t i a l .  

Because of the  dispersion of e lectrons upon co l l i s ion  with molecules, t he  con- 

centrat ion of  e lectrons and rad ia t ion  i n t e n s i t y  decreases as the  dis tance from 

the  j e t  increases .  Below, based on the  r e s u l t s  of work [3] a re  the  r a t i o s  

obtained, i n  which gas density d i s t r ibu t ion  i n  a stream i s  calculated from tE.e 

d i s t r ibu t ion  of rad ia t ion  in t ens i ty .  

o r  a i r ,  bu t  o ther  gases may be used as well f o r  t h i s  method. 

As i n  [3], t he  t e s t  gas used was nitrogen 

1. In the  case o f  hydrogen o r  a i r  medium and a t  s u f f i c i e n t l y  low 

pressure,  the  negative rad ia t ion  spectrum i s  a band of the  first negative 

hydrogen system. 

can be disregarded. 
ponding t o  luminescence t r a n s i t i o n  from energy leve l  v' of the  higher e lectron 

In t ens i ty  of t he  o ther  spec t ra l  systems i n  the  v i s i b l e  region 

I t  i s  known t h a t  i n t ens i ty  of energy band i ( v t , v t 1 )  corres- 

~ 

*Numbers i n  the  margin ind ica te  pagination i n  the foreign t ex t .  
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state  t o  energy- l eve l  0" of  the  lower 

i (u', v")'= g (v')u 

Here a ( u l , u f f )  is the  probabi l i ty  

v(o' ,ol') is rad ia t ion  frequency. The 

electron s t a t e ,  i s  wr i t ten  i n  the  form 

(u', v") hG (u', d'j 

of t r a n s i t i o n ,  h is  Plank's constant,  

condition of exc i ta t ion  is  considered i n  

t h e  pro6uct g ( u f ) ,  which i n  the case of e lectron exc i ta t ion  is  expressed i n  

the  form 

g (u') =.x 1~ ( L . 3  n (v*, pi)? $ R,? (ran,  o,,, , E ) )  ( E )  c~ 

Vl' E 

Here N ( Z J ~ ~ ~ )  is  concentration of molecules a t  energy leve l  vl" at  t h e  

lower e lec t ron  s t a t e ,  from which entrance t o  l eve l  v 1  a t  the  upper e lectron 

s ta te  is  rea l ized;  n i s  e lec t ron  concentration; ( v l , v l ' )  is  the  overlap in t e -  

P a l ;  

centrode; f ( E ) d E  i s  the  port ion of  e lectrons with energies between E and E + 'a. 
, y l l f r  E) is  the  e lec t ron  moment o f  t r ans i t i on ;  P ~ ~ , ~ ~ ,  is the  r- 

A t  medium high gas temperature 1000'K) one can say t h a t  a l l  molecules 

are i n i t i a l l y  at the  zero energy leve l  of the bas i c  e lec t ron  state.  
a l so  assume t h a t  f o r  t he  Eirst few energy leve ls  f o r  r e l a t i v e l y  high electron 

We w i l l  

energies,  t he  r a t i o  of Re :o in te rnuc lear  dis tance is extremely small [4,5]. 

Then 

Radiation in t ens i ty  I of the  negative nitrogen system equals t h e  sum of 

t h e  individual  i n t e n s i t i e s  of  the  5ands, i .e . ,  . 

0'. v" 

Thus rad ia t ion  i n t e n s i t y  is  proportional 

(gas density) and t o  e lectron concentration. 

absolute in t ens i ty  o f  molecular concentration 

t o  t h e  concentration of  molecules 

However, determination by the 

has a number of d i f f i c u l t i e s  
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associated with i t ,  Therefare w e  w i l l  examine another p o s s i b i l i t y .  

L e t  axis z be a i e n t e d  along the axis of the  j e t .  As. s u f f i c i e n t l y  low - / lo7 
pressure the  energy &&ge of electrons along axis  z within t h e - l i m i t s  of the  

observable region can b e  d5sregarded [ 3 , 6 ] .  

s i t y  of r ad ia t ion  during the mczv.ment from point  z t o  point--z-+-dz i s  
Then the  r e l a t i v e  change i n  inten- 

Or, bt roducing  gas density p(z) in place of moleculariconcentration N ( z ) ,  

we obtain 

Electron concentratfar  i n  8 beam decreases with diszance : from the  j e t , .  and 

the gradient  a f  electraz cancer.tratjxn. along ax is  z is  def ined-as .  

where p is the caeff5cient  af w d c t r r r i n g  of the  e lec t ron  beam [3]. 

(73, we 'obtain 

Calculating 

In i t ia l  point  zo is e a s i l y  selected from the  following considerations.  

Ordinar i ly  i n  5t supers&c free sXzceam one can f ind  a f a i r l y  small _Az, along 

the length of WE& the change in densi ty  is negligably small. 

compunentrdp/dz 2 Q and e.quation (8) can be wr i t ten  i n  the-form 

Then f o r  t h i s  



Since p i n  this case is independent af z ,  then the  p l o t  of I ( z )  ==f(z) repre- 

sen ts  a s t r a i g h t  l i n e ,  frm wlzase slap one. can determine the.value of -density 

p .  To f ind  the  densi ty  value for each point  z using formEla (9) it is logica l  

to take the  values of  qmntitites z L(z ) and p(z  ) corresponding t o  the  

f inal  component a f  the linear function (LO) ,  i . e . ,  a t  the point-where the  

densi ty  grad ien t  hecumes ather than. ZET?,. and the  p l o t  of In I [ z )  +-ffz)  
ceases t o  be Ilnear. 

0’ 0 0 

To determine t h e  densi ty  at  any poin t  in  the  stream, one must -subs t i tu te  

i n t o  the  formulas abtained the va lues  & r a d i a t i o n  i n t e n s i t y  and t h e  

preceeding poin ts  along ax* z. 

to use the  i n t e g r a l  ualues  af radiatian i n t e n s i t y  observed along the  l i n e .  

For more complex spacial: d i s t r i b u t i o n  af gas densi ty  and rad ia t ion  in t ens i ty ,  

calculat ion of  dens i ty  is m a r e  involved, 

of  ca lcu la t ing  symmetdcal axis non-unifarmity can be used to-determine the  

densi ty  f i e l d s  i f  t h e r e . i s  axkal symmetry of  the  d i s t r i b n t i o n - o f  densi ty  i n  

the  supersonic stream a c t  in %he model. 

In the case. o f  a smooth flow it .is -possible  

In par - t icu lar ,  t he .  familiar .method 

For photographtc recording af r adka t im and work on the- l i n e a r  .portion 

of the  cha rac t e r i s t f c  i n t e n s i t y  curves-, rad ia t ion  i n t e n s i t y  can- be expressed 

by darkness of  the emulsian D(z ) .  Then 

where y is the a e f f f c i e n t  a€ the emulsixm cont ras t .  

sec tors  where density is a fimctixn af z ,  

By thiszmeans, i n -  

D For t h e  port ion with canstanl dmsrirty w e  obtain 
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Points 2 and z 2 1 are i n  the  extremes of t h e  region where dp/.dz = 0 and 

the  r a t i o  of D t o  z is  l inea r .  

5 

The value of t he  coef f ic ien t  p can be found by doing preliminary ca l ibra-  

t i o n  t e s t s  with a known gas density.  

molecules, densi ty  i s  usual ly  determined i n  the  form of a r e l a t i v e  value such 

as the  form p,/p (p is densi ty  o f  the  enter ing stream). 

no need f o r  the  values of coef f ic ien t  p i n  t he  i n i t i a l  measurement; pp, i s  

calculated from the  inc l ina t ion  of t he  l i n e a r  p a r t  of the  D/z graph and sub- 

s t i t u t e d  i n  (12). 

By studying the  passing flow of 

In t h i s  case there  is  

Q--- decreases as the  po ten t i a l  increases .  This 

UJ-. phenomenon is  i n  agreement with the  general ly  

Gas densi ty  measurement i n  the supersonic stream beyond the  (compression) 

change i n  the  model was made i n  conditions of  not too grea t  a ra refac t ion ,  where 

it was s t i l l  possible  t o  compare the  r e s u l t s  of parameter value changes, which 

were calculated by means of continuous cor re la t ions .  As a model, a streamlined 
round cylinder was used t ransversely.  The length of the  cylinder was made long 

enough t h a t  flow parameters i n  t h e  model within the  l i m i t s  of t he  length of t h e  
rad ia t ion  zone along the  axis  of observation were not d i s t r ibu ted  by boundary 

effects, and flow could be considered plane.  

were as follows: Mach No. M, = 5,  s t a t i c  pressure r, = 5.5*10 

deceleration was at  room temperature. 

typ ica l ,  then the  Reynold's number i s  R, = 280 and Knudsen's No. is K = 0.027. 

\ 

The conditions of supersonic flow 
-3  mm of mercury, 

If the  cyl inder  radius is  taken as  
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Figure 2 shows a photograph of streamline flow of  t he  model. The negative was 
exposed i n  t h e  d i rec t ion  from the  j e t  t o  the  

model along the  axis  of t he  j e t .  

of rad ia t ion  (curve 1) and density d i s t r ibu t ion  

(curve 2) along the decelerat ion l i n e  of t he  

model is’shown i n  Figure 3.  

A micrograph 

Gas densi ty  i n  the  supersonic stream was 

determined by the  inc l ina t ion  of t he  s t r a i g h t -  

Figure 2. l i n e  port ion,  and turned out t o  be equal t o  
3 (5.2 k 0.8) .lo-’ kg/m . S t a t i c  densi ty  i n  the  

stream, calculated on the  bas i s  of  measurement 

’ e a t  t o t a l  nozzle t h r u s t ,  equalled (6.0 t 2.1). 

.lo-’ kg/m . Agreement of t he  r e s u l t s  can be 

considered f a i r l y  good. Calculations were 

made from the  micrograph of rad ia t ion  i n  

Po. 3 

- Figure 3 using formula (12), i n  t he  region of  

t he  c r i t i c a l  point  along the  gas densi ty  axis ,  

compared t o  t h e  densi ty  i n  the  free flow. The 

curve obtained represents  a p r o f i l e  of t he  

compression s h i f t ,  a l so  shown i n  Figure 3.  

Note t h a t  t he  compression change i s  r a the r  

Distance from wall of model, mm 

Figure 3.  

st rongly broadened; t h i s  is  c h a r a c t e r i s t i c  f o r  r a re f i ed  gas flow. The correla-  

t i o n  of gas dens i t i e s  within the limits of measurement e r r o r  which was reached 

beyond the  change i n  the  model corresponds t o  the  calculated value from t h e  

Rankine-Pugoniot r e l a t ions ,  xhich equals 5 f o r  M, = 5. 

experimental s tud ies  made agree with the  calculated values,  which supports the  

v a l i d i t y  of  the  premises made and the  s u i t a b i l i t y  of  the  suggested method f o r  

experimental determination of the streamline spectrum of  the  model by r a re f i ed  

flow. 

I 

Thus the  r e s u l t s  of t he  

I 

o f  t h e  gas densi ty  d i s t r ibu t ion  i n  a supersonic stream. 
whether the  densi ty  f i e l d  i s  calculated according t o  the  streamline p r o f i l e  

obtained as 

Construction of densi ty  f i e l d s  provides the  most complete representat ion 

Here it i s  important 

/ lo9 a r e s u l t  of one measurement o r  the  study is  made by the  - 
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'point-for-point" methad.. 

parameters constant as w e l l  as thase of the  measuring apparatus over an 
extended time period, which is not  always accomplished. An important fea ture  

of t h e  described method i s  t h e  capabi l i ty  of photographing the e n t i r e  p i c tu re  

of t h e  stream and then d c u b t i n g  the  density a t  any point; Th-e l i n e s  of even 

densi ty  zt the clrossia.p a i r s t c e m  cyl inder  obtained by this-means f o r  M, = 5 ,  

R, = 5 7 ,  K = 0.13, a e  shown. in. Figure; 4; 6 is  the  distance:from the  forward 

w a l l 1  of the  cylinder. along the  brake 

l i n e ,  P i s  t h e  dist*ance. from the  plane 
lying on the  axis  of t he  cylinder and the  

b a k e  l i n e .  One can- ca lcu la te  the  f i e l d  

In the Lat te r  case one must-- keep the wind tunnel 

Figure 4.. 

I 

and other  parameters under- s p e c i f i c  con- 

d i t i ons  according to-  the-  densi ty  d i s t r i -  

bution. , 

3.  Measurement; e r ror -  re la t ive  t o  
4 P  G k /  P, J 
P (4/ P, 

i s  determined dens-ity value 6- 

bas i ca l ly  by the. degree- of  ra refac t ion  

and photo emulsion contrast  coef f ic ien t  

y (Figure 5 ) .  M a x i m u m  possible  measure- 

ment e r r o r  f o r  photographing on f i l m  with 

y = 2.5 becomes large (abont.25%) f o r  p = 

= ?.IDd mm of  mercury. 

cnnesponds s ta t ic  pressure, or.  about 5 10 

mm o f  mercury, can apparently be  taken tenta- 
lzixely as the  lower limitt-.when using the  des- 
cribed- method. The upper: limit: is determined 

fnnn the condition 

"Eiis.value, t o  which 
-4 

Figure 5- 

and depends on experimentdl m d T t i a n s .  We note  t h a t  in  the  case i n  question 
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. .  densi ty  measurement at the  cyLinder, 

t h e  deviat ion o f  the  measured value from the. calmfat-ed-one s t i l l - d o e s  not  

exceed measurement e r ro r .  

<p~(z"-g'),  is: a value nea r -un i ty ,  but 

As the  extreme pressure L i m i t  one t e n t a t i v e l y  i i d i c a t e  a value of 

5-10-* mm of mercury. Thus the method af measrrrirrg dens i ty  i n - r a r e f i e d  flow 

by r e l a t i v e  intensj i ty  af negative glaw-dkzarge luminescence can-be -used i n  

a pressure range from 5 -LO ta S - L Q ~  mm rnexwry. -2 
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